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High-Brightness Electron Injectors: A Review®

Richard i.. Sheffield
MS H825, Los Alamos National Laboratory Los Alamos, NM 87545

Abstract

The last decade has sceen increased emphasis on the
development ot high-bnghuness clectron beams because of
rigorous requirements of the new generation ot colliders and
the advent of free-clectron lasers. This talk desceribes the
approaches now being explored for attaining in* 2nce, brnght
clectron beams. The methods tor producing bright clectron
beams inciude photocathode-based, short-pulse injectors; de
electrostatic accelerator sources; long-pulse beams, which
are then compressed in time using subharmonic bur hing;
combining fArst and third harmonics in an accelerator to
attain the equivaleny of high-gradicne de fields; and LaB | rf
guns. For several uf the approaches, the temporal length of
the electron pulse is decreased atter acceleration to relativistic
energies by impressing an encrgy spread on the electron
bunch and using a nonisochronous beam-transport system to
increase the peak current.

Introduction

Free-clectron osuallators require electron aceelerators
capable ot delivenng pulse trinns of electron bunches ol high
brightness to a wiggler or undulator. A high brightness
implies u high peak current 110 A o 2000 A) and a low
transverse beam emittance (2 1o 80 t.mme-mrad, determined
by matching the transverse size ot Lthe electron beam to the
optical beam i the wiggler:. Elactran-beam collider machines
also require high peik currents -2 nt’ in preeseconds ) with
extremely small ecmittances - 16 3 mmemrad).?

Several approaches have been proposed to attnn such
performance.'® The technology for the production ot hryprht
clectron beams can be divided mto two distinet catagories:
long pulse 21 ns o de electron sources and short pulse
o100 o lectron sources.

In steatipiory, electron uns asigea long pulse or
adebears cly onaewell designed gun produacimg a beam that
has o beam temperature near the thermal ot of the
electron source The hoamboe desygn after the gun depends
onf the application ultamtely requnies aode heam or ashort
pulse For i de beam cor pulsed beams whoere the pulse end
ellects are neglynble: very pood quaiity beams can be produced
enrew taken m the beam transport design - o the appheaton
requires o short pulse, then o banchiy system maat o
desipned that preserves the beany qualiiy throughoat the
bunching and acecieration proces- Progenving beam gquality
15 dhitlicalt beeause ot the etleers of nonhmear e fields i the
burehing:s cavities ol
subrelativostie energes

the sputee charpee torees present at

Ihe weeand covagrory aseschppht actuvated photosnissive
electron souees placed doreetbv i the first aceeelerating: cavity
Ty b Thiescdesien hoe, the advantagee of rpedlv aceeleratong
the clectrons 1o relativaistie conerpies hetore substantial
degrradation e rthe Toan guahiny consend by soaee clairee can
ocenr The den of using photocisthodes e hipgh corrent electyon
anpreesstarted won b wertons and the prodactiion ol gun
polarized clectron . A hpht aenvated clectron onre.

pves unprecedented conteal oo b aspeetaoal the clectran
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distmsution:  peak current, spaual profile, and temporal
profile. This control is possible becituse the electron distribution
is not determined by grids or a cathode, but rather by an
incident laser pulse on the photocathode, and lusers have a
wide range of variiabhlity in pulse tormat, Pulse lengths can
range from lemtoseconds to conunuous and, lor pulses preater
than several picoseconds, can have almost any concevable
temporal profile.' M

Intrinsic Source Brightness
The normalized peak boghtness s defined as
B =20t lunits, Aty rad-]

where L is the peak currentand ¢ and v are the normalized
transverse emittanees of the beam.™ For n thermul distnbution
or a distnbution that does not have recoverable correlations
in phuse space, 1L is constructive to use the rms enuttance
formulation, defined to be the area in phase space, which is

[N § (RS IR T

XX Y

where cand X7 are the particle’s transverse coordimate and
angle of divergence from the optic axis, respectively, and « -
means anaverage over the electron disteibution 'x,v 2

fx, v,z x " dx dv ds
x.vozrds dvdz

Another common detimtion of cottanee 15 as the oea in
p hase spice divided by s wath the meluded in the nnats,

Usingy thesthove formulation, the rms eoittinee s equal
U the total phase space area for a Kapehinskn Viadoreskan

cstabution ™ The normabized et Ginee s then

| it

where for an azamuthally cvnmeree i, I !

I'he lower limat ol the besom coormaized ennt tiovee from
o thermome electron ource vovoverned by thee coantter e
s nd by thetennsverse compooe tof the thermal motionaf the
clectrons Thevhermal bonnt ot the normahzed rovsenntianee
U heam trom o thermaome et ter ol v e st asntonm
s bhaolute temperatoe '
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¢o= 20 x 10 L)oo mmomerad. with J o e
The corresponding norniahized peak brightness s hmited o

B, =20 = 820100 -enets Avvmeoead

The current density trom o -hspenser cathode s tvpeally
not more than 20 A ¢m-, theretore. the maximuem achrevalde
brphtnessis 1.6 x 10

Semiconductor photoenntters have an  etlective
temperature ol 0.2 ¢V Ref. Is 0 The electron thermal
temperature is not sumply the ditference between the inadent
photon energy and the senmconductor band gap ta difference
of 0.7 eV - because of phonon scatiering in the semiconductor
crvstal lattre.  Scmiconductor cathodes are capuble of
delivening® over B0O0 Acem* gpving g bnpghtness  of
2.5 ¢ 109 Aim - rad

The baghtness of the source normally does not limit the
final brghtness of the beam.  [nstead, the accelerauon
process and transport through o beamhne can deerease the
beam brightness by several orders of magnitude.

Du Injectors

Fhe following information on very long pulse > 1 ns)
and de inyeetors 15 2 summary ol a paper’ by W Hermunnsteldt.
These types of guns are well sutted tor two applications: first,
for electron coohiug ofion beams and, second, for electrostatic
froe electron lasers -FIEL,.

The design of o de gun mast wielude the effects of space
charge. Tn the zun, the space-charge self-foree in Jhe beam
must be cancelled out with o carefully designed focusing
clectrode sat the Preree angle” | thus mntaming n uniiorm
current density  Also, the exit energy of the beam from the
gun should be as hagh as possible to mumimuze further spazse
charge detfocusimy dow nstream trom the pun, I the beam
nuuntains a untform profile up to relatvistic energies. then
the beam ennttance can be near the thermal temperature of
the beamas it was enutted from the cathode The ennttance
of the beun eaused by thermal offects s discussod in the
preceding section

Apundesypned by Herrmannsteldt for che UCSB FEL
and deserthed i a papers by Elas and Ramianas shownan
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Injectors Using Third Harmonic Cavities

Bunches accelerated with ade field do not sutler the
cittance grow ththatis due toteme varviag etlects typreally
found in rt'aceeleraic rs - Harmonies can be used to elinunate
this source of vnuttance growth A desiyme - that correets lor
the nme varyving fickds in o rado trequeney e aceel srator
uses cavites that operate at the third harmonie of the man
hnace frequeney. Two conditie s must be met Lo approximate
i de aceeleratng tield Junng pulse transit, First, the amphitude
of the third harmomie is set to nine umes the fundamental
frequency = amphtude Second. the phase of the third hirmonie
is chosen to decelerare the bunch at the peak aceeleration ol
the fundamental. The amplitude s at o within 0,177 over
37 et the rit However, the resulung two-trequencey mavity
will have inereased phase and amphitude conirol complexity.

For relativistic beams, the harmonie component may be
added with separate cavities, considrably reducing caviy
design and control complexity Improved  aceelerator
performance using separited cavities for the first and thaed
harmonic has been vertfied using PARMELA by Todd Snuth.!
After mitial acceleration to several MeV with along pulseto
minimizc sapace-charge effects,, the peax current s then
mereased using magnetic compreos.ion, A schematie of the
design s given in Fuye

M0 ReY | o '
HARMONC HEARMONT MAGNE T ;
HUNCHER -

ELECTRON ﬂ — —
: BUNCHEC ACCELIRATOR !
SoUnce o ’

1

ENKRGY 300 keV J00 keV U MeV YO MeV
BUNCH

LENGTH 433 ps 100 pa Lo s s
PEAK

CURRENT 34 A 1A 1A RITIAN

Fig. V. Inpector designed by 1 Soch tor the Stantord 1peh Enerpy
Phyies Laborntory s Supercanducting Aecelertor Caleulateo siittanee
usiy; FARMELA w20 10 mm miul

Photuinjectors

A photoimgector s aphotoemissive electron source pliced
directly i an et cavity. “The phatomgector design depends on
the electron hunch prodauced from o photocathode being
rapudly aceelerated 1o relativistie enerpgres e a saygede of
('.'I\II_V.|II'H('(‘I'IIIHIIHI'II\”li:l'\'llln\'l'llllull:l|hllll('hllll"pl'tll‘l“w‘n'
entirely. “The ennttance prowth ol the electron bheam o1,
reduced beeause electiron beam teansport at low coerpies hias
bevn smnficantly reduced

Lon Alnmon Experiment

Fxperiment Besign, Phe Lo ALimos experiment e
alnser deven photocathode clectroncaotres atated o e
i the st vfeavity Che electian potae shape o cocals
tulored ra both tie aond paee by appreoprcitely <haping: e
merdent Evier pulse Phe conlipor aton of tae experment 1.
Ihe hinae hovs two 1100 M Fean e o with

mdependent sunphtoade and phoeee contal

showmn Iy 4
Bath o ivnties
have laopectomeanne the phasc and amphonde ol vhe tneld
precent an the cavitie s Fallawos the ccmd cell e the
dhsprnostees Tor hane bechivee, beom enerpey cneattan ol
teqmaporal veehle The detnl o the ol ey e v s

proaented el e e
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Fig. 4. Two-cavity experiment showing gun,
henm trunsport, and dingnostics.

The photucathodes are fabniciated in a preparation
chamber vacuum co ipled to the rf linac. Following tabnication
in the preparation chamber, the photociathode ‘8 inserted
into the rf cavity. When the quuntum etficiency of the
photocathode decreases below some arbitrary minimum value,
thesubstrateis pulled back and heateleaned at 400°C. A new
photocathode 1s then fabneated over the existing substrate
withouu opening the U'HY system

The photocathode is llununated with a frequency-doubled
Nd YAG laser. The laser v mode locked ot the twelfth
subharmonic of’ 1300 MHz, 108.33 MHz, The mode-lucking
crvstalisndriver- by the sume master osallntor that drnives the
1300-MHz rf'klystron and is phase locked o the rf. ‘The laser
penerates 100-ps pulses at 106 nm that, after frequency
doubling to 532 nm. become 70-ps-long pulses. A Spectra-
physics pulse compressor was added to the optieal train for
generation of 4- w 20-ps pulses. The power availuble at
532 nm is approximately an averiage of 200 kW over 10 ps.

Experimunt Results. The creetron energy gun lor
tvpreal operation wis 0 9 MeVain the first cavity and 1.8 MeV
ta the second cavity, ‘This corresponds to operating both
cavines at approximately 2 Kilpatrick <58 MeVim peak
surtace tieldn,

The Laser pulse leneth wis limited by the gmin bandwadth
of the N YAG amphliers o approximately 16 ps. The
maximuin charpge extreacted for this pelse was 132 nC from
1 em of photocathode surface ‘Tinspves 20 Aemd ol current
density at the cathode, However, PARMELA simulations
predict that o 16 ps electron pulse inereases to 22 ps on
passipze through the first cavity pavigg apeak carvent afler
the lirst cavity ol 600 A

The cauttanee measurements were performed on an
cirher expernment that waed ondy s angzle vl envity The
experimentiad pavineters were 1T nC 200 A penk. 70 ps
Cineaannn temporal width, « 0 F e beaon endias d the cathode
twis not accuritely measured at the tme of the experiment
and only the upper bound s knowne, TO MeV benm energy,
and solenord Bald o TR Kr The measured ennttanee wis
AG T mm mread  Phe measured contGinee dud not aggree with
A P amulathon cwhieh pave preater than 1H0 0 nun mirad)
of the experunent s desigoresment ted to o detmled
exammnution of the pun, beambme, and the pepper pot
canttanee digmeste uange FARMED N, MASK Y and st
aimnlahona

he capertmental and amodbated electron beam dia
meter at the pepper pot and the doometor ol the heamlels
prrodaced by the pepper pot at the coomd qrentz sereen e

close agreement, confirmiig the accuraey ol the sinulations
The emittanee ot the eleetzon beam for that experniment, with
10 nt’ per bunch, was caleulated trom the simulations to be
120 =-mm-mrad for 100% of the beam. Simulations=* show
that. if the beam s clipped in time and left with 75 of the
orygmal charge, then the cittunee ol the remaining hear
was saleulated o be 40 t-mme-vuad in agreement with the
cexpernmental results. The results of the MASK caleulations
are shown in Fig. 5 +Ref’ 51 The lorge decrease in beam
emitiance with a small decrease in the charge is due w the
temporal tails ot the long Gaussian pulse used in the previous
cxperiment. Because the focusig solenmd downstecam off
the cavities can only be properly matehed for one space-
charge density, the beam 1s matched only tor the peak of the
Gaussian pulse, and the head and tail of the electron bunch
arcoverfocused The low-itensity tanls fromall the beamlets
overlap un the peppuer-pot sereen, therefore, an individual
beamlet's spatial distribution cannot be resolved
unambiguously. Hence, an expernimental emittancee value
was obtained for only the temporal core of the clectron bunch.
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Fig. 5. The benm ennttance trom MASK cimulations tperformed hy il
Herrmanusteldt of S6ACH aee within the expesimental vrror in beam
rudis f the temporal tals of the Guuassien polse are noteladed - The
two curves show the diVerence i ennttnes poned by exeludimg . amnll
frachon of tie chuvrgze ot the tront and tinld of the pulse

Although neglecting the temperal tuls ol the distribution
consequently ves low ennttanees, most applications ol
brpht eleetron beams depend upon only the brght central
core ol the electron bunch. Moreimportantly, the aceuracy of
the simulation codes have been ventied for tuture linae
desyin,

Duke-Rocketdyne Experiment

The constyuction of the Mark il aceelerator s heen
deserthed i detil elsewhere " The lavoat of che experomen.
s shown e By G The machme paramets escare s follow
macropulse lenpth of 200 s, meeropulse Tength ol 20 paepun
enerpy ol T MeV nd amapnehie compression el 10 Trom the
alphiemagnet The alphe magmet saomomentum lilter ond
iabbe to it the electron enerpy spread to Tess than 0 h

The clectron source i the Marck U eca Tald eanhode
Orginally the cathode produced electrons by pare thennal
pmatton However, beenuse the eledtrona are enntted e all
phier of the vl many ot the cledrons e aecelerared at the
wromp phatae s tor maatehog mto the man hinae

Fhe current crcesnn from the cathode vc ot by
average power heatgs, therefore neang the Lvam to hinut the

et e aon o the correc el phocae hpehe pealcenent o canche
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the path of the electrons trom the lnger swatched thermionic gun to the
Mark [l accelerator.
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obtained.™ In this mode, the LaB, cathode was operated just
below its normal emission temperiture, and a laser was used
w pulse the cathode. Operation with the laser resulted in an
increase in peak current from 33 to 75 A with no observable
loss in beam enuttance. ‘The pun bryzhtness wis approximately
5x 107 A/im-rad ¥,

During operation, the gun pressure was about 5 x 10,
Not enough operation time has been available to study the
cathode lifetime; but based on previous performance, the
expected lifetime should be much greater thun 1000 hours.

Present Photoinjector Designs
Los Alamos National Laboratory

T'wo weparate mutintives are new underwity nt Los Alamos
barned on photmnjector technology.

Design of a Compact Linac.  Desuy of o 20-MeV
compact hinae based on the phototngector hurs been completed.
The linne 18 approxinuttely 12 m lomg and will be operated
with n 10 s macropulse at up to 1H Hz with a 0.5-A avernge
during the macropulse The desym of the linae 18 based on
vimittance reduction by reversimgg the effects of spice charge
afler the photewycctor gunc** The final electron beam
charnctenistics from PARMELA simulntions are a beam
emittgnee of less than 20 tmm-mread and peak carrents in
extess oGO A - Lfapgnelie comprression of the 16-ps electron
pulse enn inervase the peak current te preater than 500 A,
The limit i peak enrrent depends an the appheation. Ior
mstancee, i liee slectron laser osetlllitor wovery sonsifive to
the pntier in the arrval nme of the electron bunches :n the
wiprler Becise viaritions m the eleetron bunch charge
enu~e varvions i the final eloetre beam energy, the
amphtude stability of the phatoeathode Lvser svatem, which
produces the dectron buneches, willdetermine the maximum
amonnt of pulse conps ession allowed cvchnngte m the electon
henm enerpy maps into e chage i e i the magnene
|""“'||'|'-‘I.‘\Ill'|

U pgrade of Los Alnmos FEL Aceclerntor The Low
Alvmon I B Las now benygrapeeaded to provode electron beamg
al the qualiy s mtenaty requnred By el aneed it The

imj roved clectron beiun s primanly the result of addingg a
phatvinjector o the aceelerator  However, the entire deviee
is being moditied to demonstrate that the bheam guality can
be Lransported to the FEL without degradation. The fadlity
should provide mtial data by summer, 1989. This fuaility
will provide a good benchmark for the computational models
used to design advanced FELs because the same mod.ls will
design the photuinjector, berm transport. uscillator, and
amplifier. The design goals ot the nccelerator are 40 MeV of
electron energy, peak currents of 400 A, and a normalized
emittance less than 50 t-mm.mrad 90% . An experiment
layout is gven in Fiy. 7.

Fig. 7. Upgrade of the Los Alamon FEL with photoinjector.

Brookhaven National Laboratory

The Accelerator Test Facility at Brookhaven National
Laboratory (BNL) is being developed into a research facility
for laser acceleration and FELs. The design goal for the
acceleratoris 50 MceV at a2 emittance of 16 n-mm-mrad. The
resenrch team at BNL are building (scheduied for operation
in spring of 1989) a 2.356-GHz photoinjector w drive the
linnc.® The S-band, rtanding wave, disk-lounded structure
will operate in the short rf pulse regime (6 ps). The gun i
designed for a maximum surfuce field of 120 [1V/m and a
pulse repetition rate of 5 Hz,

‘The surface ficld al the eathode is 102 MV/in. Yhe energy
gain in the 1 1/2-¢ell structure s £.9 MeV  The disk-londed
structure was designed to minimize the ratio of the penk
surfnce field to the field ot the cnthode surface and is not
optimized for maximum shunt impedance. To mateh to the
r-mode in the cells, aside-wall coupling scheme is usedl, In
this configuration, the T'E, waveguide mode couples stroagly
to the x-mode nnd does not, Lo first order, couple W the zero
muxie. The n-mode opernton was chosen W nunimize enttance
prowth cnused by rl defocusing fields in the aceelernting
paps.

Lawrence Berkeley Laboratory

A pholoinjector design ™ at Lawrence Derkeley Laboratory
LIV o produce brght beams tor Lin car colhders, compaet
FiLs, propymtion ol imteose begghtbeams, and eoherent x
rny holography has been completed, The vf envity desin s
a 1269 GHz el cavity consistingg of 2 172 cells wath a peak
surlace lield of 60 MV moand accathode field of 30 MVIn The
design ponls are toobtun it toh papalse lemgthand a 1 nt?
chargge at o pun exat enerpy ol i MoV

I'he photmmyector parameters were ab:aned by extonsave
PARMELA sunuliations and thesreteal analvsas ® The exitinge
pulse from the pun has an row Temgah ol 6 psoamd a0 61
enerpty aprod. The calenbad enutGimee wes o Uy eomm o

Berginehe Univernititt Gesnmthochichule Wappertal

vl e stipe undi ILITH I'he desapen parametercne



1.3 MeV. 3 1o 70 ps, and pulse charge o0 15t 140 Peak
currents range from 2.3 to 2000 A This program will be
studving the performance ol high QF photscathodes on a
niobium surface. A sigmficant advanwige 1o operauing i
photocathede in a supercunducung cavity 1s that the possiblity
of contanmunation of the photocathode by w.iter or CO,, will be
greatly reduced.

LEL-HF in Bruyéres-le-Chatel

This photoinjector design™ ' has a much lower cavity
frequency. 144 MHz, than the previous designs. A lower
frequency cun reduce the rf effects becnuse the cavity apertures
are larger and the ficlds approximate de conditions during
the electron transit. The design parimeters are a beam with
10w 20 nC, a 1- to | 5-MeV exit energy from the first cavity,
bunch lengths of 50 to 100 ps, an acvelerator gap of 7 ¢m, and
a surface field at the cathode o' 15 vo 20 MV m.

The desgn was de ;eloped using ATHOS, PARMELA, and
OAK. The expected emittance 13 approximately 20 x-mm-mrad.
After initial acceleration wo greater thun 4 MeV, magnetic
compression would be used o increase the peda't cusrent.

Summary

The production ot high-current high-brightness electron
beams has enjoyed considerable progress over the last several
yeurs, maunly bectuse of chunges in the requircments imposed
by free elect.on lasers. Several approaches show considerable
potential for producing verv bright electron heams. The
concept of placing 4 photocnussive source in an accelerating
structure has been demonstrated.  The basic physics of
photoinjectors is undersiwod and the technology is now in the
initial engineenng phases. Several groups around the world
are desimang bright beams based on this technology and
continued improvement in photoinjector dosign is expected.
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